The effect of dielectric confinement on photoluminescence of In2O3-SiO2 nanocomposite thin films incorporated by nitrogen
C-containing interlayers formed between the SiC substrate and dielectric films thermally grown in O 2 , NO, and in O 2 followed by annealing in NO were investigated. X-ray reflectometry and x-ray photoelectron spectroscopy were used to determine N and C incorporation in dielectric films and interlayers, as well to determine their mass densities and thicknesses. The thickest C-containing interlayer was observed for films thermally grown in O 2 , whereas the thinnest one was observed for films directly grown in NO, evidencing that the presence of N decreases the amount of carbonaceous compounds in the dielectric/SiC interface region. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3159812͔
Silicon carbide ͑SiC͒ is a wide band gap semiconductor whose properties make it very convenient as the starting material to build electronic devices for high-power, hightemperature, and/or high-frequency applications. As an additional advantage, a SiO 2 film can be thermally grown on SiC, similarly to Si, allowing the use of fabrication technology of Si-based metal-oxide-semiconductor ͑MOS͒ devices. However, SiO 2 / SiC-based MOS devices present higher interface state density ͑D it ͒ and lower channel mobility than those typically found in SiO 2 / Si-based ones.
1 This has been mainly attributed to the presence of carbonaceous compounds in the oxide near the SiO 2 / SiC interface besides Si and/or C dangling bonds and suboxides.
1-4 Postoxidation annealing in N-containing atmospheres, especially in nitric oxide ͑NO͒, was reported to be an effective route to improve the electrical characteristics of the interface in SiC-based MOS structures. [4] [5] [6] However, physicochemical and electrical modifications induced by the presence of nitrogen in SiO 2 films thermally grown on SiC ͑SiO x N y / SiC͒ still need to be better understood, in order to improve the electrical characteristics of this interface toward satisfactory figures.
The present work reports mainly x-ray reflectometry ͑XRR͒ and x-ray photoelectron spectroscopy ͑XPS͒ investigation of the mechanisms underlying the improvement of the electrical characteristics of SiO x N y / SiC structures.
Silicon-faced ͑0001͒ n-type on-axis 6H-SiC wafers were cleaned in a mixture of H 2 SO 4 and H 2 O 2 followed by the Radio Corporation of America process. After etching in a 5% HF aqueous solution for 1 min, samples were loaded in a quartz tube furnace. Three different routes were used to grow dielectric films on 6H-SiC. SiO 2 films were grown at 1100°C for 1 h in a 100 mbar static atmosphere of O 2 isotopically enriched to 97% in 18 7 XPS analyses were performed in an Omicron-SPHERA station, using Mg K␣ radiation ͑1253.6 eV͒ at two different detection angles with respect to the normal to the sample surface: 0°͑bulk sensitive mode͒ and 73°͑surface sensitive mode͒. HF etching of films was performed prior to XPS analyses to reduce their thicknesses to values ϳ7 nm, more suitable to be probed by this technique. All spectra were fitted assuming a Shirley background. In the spectra shown below the background was already subtracted. XRR analyses were performed in a Shimadzu XRD 6000 equipment using Cu K␣ 1 radiation ͑ = 1.5418 Å͒ and scanning in 0.02°steps. Data simulations were performed using the Parratt formalism for reflectivity. 8 XRR results for the three different routes are shown in Fig. 1 . Data obtained from the sample prepared in the 18 O 2 -route were simulated with two different approaches. A single-layer model, assuming only a SiO 2 film on SiC or a two-layer model, consisting of an interfacial layer of silicon oxycarbides ͑SiO x C y ͒ between the SiO 2 film and the SiC substrate. 18 O areal density determined by NRA ͑45 ϫ 10 15 18 O cm −2 ͒ was converted to SiO 2 thickness ͑10.2 nm, using the above relation͒ and used as the initial input in the simulation of XRR measurements. The simulation with the single-layer ͑SiO 2 / SiC͒ model ͓dashed line in Fig. 1͑a͔͒ −3 range, the roughness between 0 and 7 nm, and with unconstrained values of thicknesses. On the other hand, the assumption of a two-layer model ͓solid line in Fig.  1͑a͔͒ , with a 2.9 nm thick interfacial layer of mass density 2.75 g cm −3 ͓between the SiO 2 film value ͑ϳ2.20 g cm −3 ͒ and that for bulk 6H-SiC ͑3.21 g cm −3 ͔͒, led to a much better agreement. Roughness values were 1 nm for the interface between the SiC and the interfacial layer and 1.2 nm between the SiO 2 film ͑9 nm thick, mass density 2.10 g cm −3 ͒ and the interfacial layer. Therefore, the total thickness determined by XRR was 11.9 nm, being in reasonable agreement with that obtained by NRA. The discrepancy between both values is attributed to the approximation made assuming the 2.21 g cm −3 density for the film, which is absolutely valid only for pure SiO 2 films thermally grown on Si. Since good agreement between experimental and simulation data was achieved with a two-layer model, other models with larger numbers of layers were not employed. The thickness of this interfacial layer determined from the simulation of the XRR data is consistent with previous observations 9,10 using different analytical techniques. Thus, the two-layer model was chosen in the simulation of this sample. It corroborates the existence of a C-containing layer between the thermally grown SiO 2 film and the SiC substrate. 2, [11] [12] [13] In order to simulate XRR data obtained from samples prepared in the NO-and 18 O 2 / NO-routes, a two-layer model was also assumed, this time considering that N was incorporated in the SiO 2 film. The sum ͑ 18 O+ 16 O͒ of areal densities of 18 O, incorporated mainly during oxidations in 18 O 2 and determined by NRA, and 16 O, incorporated mainly during annealings in natural NO and determined by c-RBS, were 33ϫ 10 15 and 71ϫ 10 15 O cm −2 for NO-and 18 O 2 / NO-routes, respectively. They were converted to films thicknesses ͑7.5 and 16 nm, respectively, using the above relation͒ and used as initial inputs in XRR simulations. Although small amounts of N may be present in the interfacial layer, no significant modification in the simulated reflectivity was observed when they were added. Thus, mass density of the interfacial layer was fixed at 2.75 g cm −3 and its thickness was allowed to vary in the 1-3 nm range, while the roughness was fixed at 1 nm between the SiC and the interfacial layer and at 1.2 nm between the interfacial layer and the dielectric film. This approach led to good fits, as shown in Figs. 1͑b͒ and 1͑c͒ . Mass densities obtained from the XRR simulation stand for an average value for the given layer, while in fact a gradual profile of N has been identified 11, 14 for SiO x N y / SiC structures. N-containing SiO 2 films grown in the NO-and 18 O 2 / NO-routes were denser than the SiO 2 ones, with average mass densities of 2.70 and 2.45 g cm −3 , respectively. Films thicknesses determined by XRR ͑7.7 and 17.7 nm for NO-and 18 O 2 / NO-routes, respectively͒ are close to those determined by NRA and RBS, the discrepancy being attributed to the same reason mentioned above in the case of the 18 O-route sample. It is noteworthy that in the NO-route, the silicon oxycarbide layer thickness is 1.2 nm, which is about half of the thickness observed for the interfacial layer for the film grown in the 18 O 2 -route. This indicates that thermal growth in NO atmosphere leads to the formation of a thinner C-containing layer near the interface than films thermally grown in O 2 atmosphere, in agreement with previous results obtained from samples NO annealed following wet oxidation. 15 Since the majority of electrically active defects of the dielectric/SiC interface were attributed to residual carbon, one could expect to obtain superior electrical characteristics for MOS structures prepared in the NO than for those prepared in the 18 O 2 -route, consistent with previous results. 16, 17 In the 18 O 2 / NO-route, the thermal oxynitridation step in NO led to a smaller reduction in the interfacial layer ͑1.7 nm thick͒ than the NO-route, justifying the fact that the best C-V characteristics observed so far for such routes 17 are for capacitors prepared using the NO-route.
X-ray photoelectrons spectra from Si 2p regions are shown in Fig. 2 for bulk ͑a͒ and surface ͑b͒ sensitive modes for samples prepared according to the three different growth routes. For the 18 nent, which can be assigned to SiO x C y bonding in the interfacial layer 18, 19 corroborating XRR results. For the NO͑open squares͒ and 18 O 2 / NO-͑solid triangles͒ routes, a third component was observed, laying between those corresponding to SiO 2 and SiO x C y bondings, which was assigned 6, 19, 20 to Si bonding in SiO x N y . This last component appears in both surface and bulk sensitive modes for the NO-and O 2 / NO-routes samples, while the component corresponding to the SiO x C y configuration was not visible in the surface sensitive mode, confirming the proposed model, which locates SiO x C y in the interface region with SiC. N 1s photoelectron energy regions from samples prepared in the NO-͑top͒ and 18 O 2 / NO-͑bottom͒ routes are shown in Fig. 3 . Simulations of the experimental data were made assuming two components: one at E b = 398.9 eV and another one at E b = 400.1 eV. Since the binding energy of N 1s photoelectrons corresponding to stoichiometric silicon nitride ͑Si 3 N 4 ͒ is E b = 397.8 eV, 19, 20 one verifies that most of the N was not incorporated as such in the present samples. The component at E b = 400.1 eV was assigned 20, 21 to N bonds in a SiO x N y environment. The component at E b = 398.9 eV can be assigned to N-C bonds, 22, 23 presenting a higher relative intensity in the bulk sensitive mode for both samples, which is plausible if one assumes that N partially passivates the residual carbon 4, 16, 24 in the interface region. The observation of this component also in the surface sensitive mode, although with a lower relative intensity, is corroborated by previous results evidencing the presence of residual carbon in the bulk of SiO 2 films thermally grown on SiC. 24, 25 In summary, characteristics of dielectric films thermally grown on SiC according to three different routes, namely, 18 O 2 , NO, and 18 O 2 / NO were investigated. The existence of an interfacial SiO x C y layer between the SiO 2 film grown in the 18 O 2 -route and the SiC substrate was identified and its thickness and mass density were determined. The thickness of this layer was drastically reduced for films grown in the NO-route and a similar, although smaller reduction occurs in the case of the 18 O 2 / NO-route sample. These results indicate that the electrical passivation effect of N incorporation comes from the decrease in carbonaceous compounds in the dielectric/SiC interface region. FIG. 3 . N 1s photoelectron spectra ͑a.u. = arbitrary units͒ at take-off angles of 0°͓bulk sensitive ͑a͔͒ and 73°͓surface sensitive ͑b͔͒ for 6H-SiC samples prepared according to NO-͑open squares͒ and 
